R2R3-MYB transcription factors (TFs) belong to a large and functionally diverse protein superfamily in plants. In this study, we explore the evolution and function of this family in grapevine (Vitis vinifera L.), a high-value fruit crop. We identified and manually curated 134 genes using RNA-Seq data, and named them systematically according to the Super-Nomenclature Committee. We identified novel genes, splicing variants and grapevine/woody-specific duplicated subgroups, suggesting possible neo-and sub-functionalization events. Regulatory network analysis ascribed biological functions to uncharacterized genes and validated those of known genes (e.g. secondary cell wall biogenesis and flavonoid biosynthesis). A comprehensive analysis of different MYB binding motifs in the promoters of co-expressed genes predicted grape R2R3-MYB binding preferences and supported evidence for putative downstream targets. Enrichment of cis-regulatory motifs for diverse TFs reinforced the notion of transcriptional coordination and interaction between MYBs and other regulators. Analysis of the network of Subgroup 2 showed that the resveratrol-related VviMYB14 and VviMYB15 share common co-expressed STILBENE SYNTHASE genes with the uncharacterized VviMYB13. These regulators have distinct expression patterns within organs and in response to biotic and abiotic stresses, suggesting a pivotal role of VviMYB13 in regulating stilbene accumulation in vegetative tissues and under biotic stress conditions.
Introduction
Grapevine (Vitis vinifera L.) is one of the world's most important fruit crops and has been an integral part of human history since it was domesticated 6,000-8,000 yrs ago. 1 Grapes provide a vast number of metabolites with well-known health attributes, and the importance of these metabolites for the human diet underlines the importance of understanding their genetic and physiological basis. The sequence of the grapevine genome 2 offered several lines of evidence for expanding gene families related to wine quality and health attributes. Among these, there is an over-representation of genes involved in the synthesis of secondary metabolites, such as the stilbene (anticarcinogenesis) synthase family. 3, 4 Genes related to flavonoid synthesis (nutraceuticals) are also highly duplicated in Vitis, including the R2R3-MYB family of transcription factors (TFs), 5 which regulates various aspects of plant metabolism and development. The R2R3-MYB family was expanded by massive duplication events within plants. 6, 7 Genome-wide analyses on eudicotyledonous species show that this family has between 70 and 200 members. 6 The main amplification of this TF family may have occurred before the separation of monocots and eudicots, 8 although some species underwent later duplications associated with their polyploid genome origins (e.g. maize, rice and grapevine 2, 8 ). In addition to these expansion and diversification episodes, tandem duplication of subgroups have also been predicted, 5,9-11 many of which could have been fixed during the course of domestication. The first accession of the grapevine genome (Â8.4) allowed the identification of 108 genes in the R2R3-MYB family, 5 although these genes were not assigned to any particular nomenclature. Despite its size, less than 10% of the members of this family have been functionally characterized. With the exception of VviMYB60 (regulating stomata aperture 12 ) and VviMYB80 (controlling stamen development, 13 all other R2R3-MYBs characterized to date are involved in regulating the phenylpropanoid pathway. These include activators of the anthocyanin, 14, 15 flavonoid, [16] [17] [18] proanthocyanidin (PA) 19 and stilbene 20 pathways, and also members of the C2-repressor motif clade. 18, 21 To determine the processes in which other members of the R2R3-MYB family are involved, several network inference approaches can be used to predict gene function and prioritize candidate genes for subsequent characterization (e.g. using reverse genetic tools). Three main network inference methods have been adopted to infer gene function in crop species 22 : (i) transfer of network links between evolutionarily conserved genes (associalogs); (ii) genome context similarities (phylogenetic and gene neighbourhood profiling) and (iii) analysis of gene co-expression networks (GCN). GCNs are based on the 'guilt-by-association' principle, where genes involved in biologically related pathways/processes exhibit comparable expression dynamics across a wide range of experimental conditions. GCNs provide a comprehensive overview of gene-gene relationships across multiple experimental conditions (condition-independent GCN) or in determined conditions (condition-specific GCN, e.g. abiotic stress only) 23 in both conserved and species-specific pathways. 24 In addition, analysis of cis-regulatory elements/motifs (CRE) in GCN, linking CRE to co-expressed genes and to genes of given biological processes, has also been used to better understand plant transcriptional control. 25, 26 In this study, we propose a revised classification of the grapevine R2R3-MYB family and use omics data to correct gene annotations and study duplications and diversification processes within the family. We used microarray and RNA-Seq data to understand the regulation of expression and alternative splicing. We constructed a global GCN from publicly available data, encompassing a vast collection of tissue/ developmental and stress-related conditions. Identification of tightly interconnected relationships was coupled to cis-regulatory motif enrichment analysis, carried out in 1 kb upstream regions of all coexpressed genes. These combined analyses allowed us to identify orthologues of known genes, to discover new genes involved in regulating metabolic routes and to suggest common and unique biological roles for members of this family.
Materials and methods

Model corrections in the grapevine R2R3-MYB family and search of new annotations within the genome
A consensus sequence of the DNA-binding domain (106 residues 5 ) was used to run a search of all putative R2R3 MYB genes in the 12Xv1 genome prediction (http://genomes.cribi.unipd.it/). The BLASTP and PSI-BLAST suites were used to perform similarity searches in the predicted proteome database. Obtained models were compared to the genes found in Matus et 
Phylogeny reconstructions and identification of conserved protein motifs
Deduced grapevine proteins were aligned against the full predicted amino acid sequences of proteins belonging to the entire Arabidopsis thaliana R2R3 MYB-family (126 members). Arabidopsis maMYB, an endoplasmic reticulum-anchored R2R3-MYB TF was used as out-group. Multiple sequence alignments (gap open penalty of À2.9) were performed using the MUSCLE algorithm-based AlignX module from MEGA5 software. 33 Phylogenetic trees were constructed using the neighbour-joining (NJ) and maximum likelihood (ML) methods [NJ was computed using the no-differences model, ML was computed using the Whelan and Goldman model with Gamma distributed (G þ I) rates among sites], both with partial deletion gap treatments. Reliability of tree nodes was evaluated with 1000 bootstraps. Resulting trees were visualized with FigTree (http://tree.bio. ed.ac.uk/software/figtree). MYB subgroups were defined both by bootstrap values and by the presence of C-terminal motifs as identified in multiple EM for motif elicitation suite. Protein sequences (excluding DNA binding domains) of R2R3-MYB subgroups were used to discover motifs with an expected value lower than 2 Â 10
À30
(http://meme.nbcr.net/), using different search parameters: (i) mucilage and acidification of vacuoles 'MAV' subgroup: 6-13 residues (min-max length), zero or one occurrence per sequence of motifs and four motifs maximum, (ii) MYBPA1-related subgroup 'PA1': 6-12 residues (min-max length), zero or one occurrence per sequence and four motifs maximum, (iii): S2Neighbour 'S2N': 6-9 residues (minmax length), zero or one occurrence per sequence and four motifs maximum.
Genome structure and duplication analysis
Chromosomal positions and amino acid sequences for all (29, 971) protein-coding genes were retrieved from the 12Xv1 prediction of the grapevine genome (http://genomes.cribi.unipd.it/grape/). Identification of gene duplication patterns were carried out using the MCScanX software suite. 34 Briefly, self-genome all-vs-all BLASTP analysis was first performed according to the recommended settings of MCScanX using NCBI-BLAST-2.2.30þ. 35 MCScanX assigns the various types of duplication event (dispersed, proximal, tandem and segmental) to all the R2R3 MYB genes based on chromosomal positions and the blast alignments.
Expression data and gene co-expression network construction
Publicly available 29K NimbleGen Whole-genome array data from 14 experiments representing 664 arrays were retrieved from Gene Expression Omnibus. 36 Raw intensity data were backgroundadjusted and summarized with the Robust Multi-Array method using oligo 37 and averaged according to the biological replicates. The resulting expression matrix (219 arrays Â 29,000 genes) was used to construct a global highest reciprocal rank (HRR) network. 24 HRR for all genes were calculated in R (http://www.r-project.org), by first considering the Pearson correlation coefficient (PCC) (r) value between all gene pairs and subsequently ranking them according to the formula; HRR (x, y) ¼ [max(rank(x, y), rank(x, y))], whereby rank(x, y) is the transformed rank of gene y according to gene x's coexpression list and vice versa for rank(y, x). Using a 'bottom-up' (targeted) approach, individual MYB-co-expressed gene (MYB-coex) sub-network was constructed by extracting the co-expressed genes within the top 100 HRRs. The MYB-TF gene (MYB-MYB) subnetwork was constructed by merging all the individual MYB-co-ex sub-networks and retaining only the MYB genes and their respective co-expression relationships. Visualization of the various subnetworks was carried out in Cytoscape version 3.0. 38 
Over-representation analysis of gene function and promoter regions
Functional annotation and MapMan BINs assignment of transcripts based on the 12Xv1 prediction were performed using Mercator. 39 Significant enrichment of MapMan BIN categories (Adj. P value < 0.05) within MYB co-expressed genes was determined by Fisher's exact test adjusted with Bonferroni correction for multiple testing corrections. For comparison, enrichment (False discovery rate < 0.05) of gene ontology (GO) terms based on incremental enrichment analysis was performed using gProfileR. 40 Using the 12Xv1 assembly, a 1 kb region upstream of the transcriptional start site of all predicted genes (29, 971 ) was retrieved by the Biomart tool available at EnsemblPlants (http://plants.ensembl. org/index.html). Promoter sequences containing more than 10% of ambiguous sequences (indicated as 'N') were removed, resulting in a total of 29,839 promoter sequences. A comprehensive and up-to-date list of plant TF binding sites were scanned in promoter regions of MYB-co-expressed genes and the promoter background (29,839 promoters). These sites were inferred from: (i) protein-binding microarrays, representing 76 CRE from 25 TF families, 41 (ii) a selection of consensus sequences from 'Plant cis-acting regulatory DNA elements database' (PLACE) 42 RNA extraction, cDNA synthesis and qPCR reactions were conducted as previously described. 20 Leaf discs from greenhouse-grown V. vinifera cv. Shiraz plants were subjected to different biotic and abiotic stresses: wounding, UV-C irradiation and downy mildew infection, as described by Vannozzi et al. 4 Leaf discs of 15 mm of diameter were punched from healthy leaves. The punching of discs was considered as a wounding treatment per se, and as a control for other treatments. The UV-C treatment was achieved by exposing the abaxial surface of the discs to 30W UV-C light for 10 min at a distance of 10 cm. Downy mildew (Plasmopara viticola) infection was carried out by spraying a solution containing downy mildew sporangia at a concentration of 10 5 sporangia ml À1 . Stressed discs were incubated upside down on moist filter paper in large Petri dishes at 22 C under 12 h light/12 h dark conditions until sampling (dried with absorbent paper and immediately frozen in liquid nitrogen until RNA extraction). Expression of grape MYB genes from Subgroup 2 was determined using primers MYB13_CDS_qF5 0 -CGTTTTCATCAGAGCTGGAGG,
MYB15_3'UTR_qF 5 0 -CATTGACCAAGAAAGCAAAAA and MYB15_3'UTR_qR 5'-AGCAACTTTTCCTAAGTCAATTTC. MYB14 was amplified with primers described in Holl et al. 20 The cycle threshold values were corrected to VviUBIQUITIN1 (TC32075), VviEF1-a (EC959059) and VviGAPDH (CB973647). Normalization against reference genes was conducted as described previously. 46 
Analysis of stilbenes in grapevine organs
Stilbenes were extracted from 50 mg of non-stressed sampled organs. Extraction was done in methanol and measured by reverse-phase High performance liquid chromatography as previously described by Hö ll et al. 20 Quantification of the glycosylated-resveratrol, piceid, Table S1 ). The use of RNA-Seq data has largely been effective for improving gene family characterizations. 48, 49 Here, we corrected several models in terms of the length and presence of their DNA-binding and/or C-terminal domains (Supplementary Dataset 1), such as MYB135 (VIT_ 14s0036g00460), where the RNA-Seq data showed that the gene encodes an integral R3 repeat and a larger C-terminal domain, or MYB82A (VIT_11s0016g05650) and MYB186 (VIT_ 13s0064g00960), corrected in the complete extension of their DNA binding domains. The MYB13 (VIT_05s0049g01010) gene possesses three exons instead of four (in the 12Xv1 model a portion of the third exon was mistakenly predicted to be an intron). Aside of the 134 genes, we were able to amend two incorrectly annotated R2R3-MYB genes, which actually correspond to R1R2R3R4-MYB genes (VIT_17s0000g02730 and VIT_16s0039g01750). The model VIT_02s0025g02210, which we originally identified, 5 was not found in this re-analysis, as conserved domains were no longer present (NCBI Conserved Domain Database). A small fraction of the models identified (e.g. those not found in RNA-Seq data) may represent pseudogenes that have lost their expression or protein-coding ability. This is the case of MYBA4 (VIT_02s0033g00370), which lacks part of the DNA binding domain due to a frameshift mutation. MYBA4 is located in a cluster of MYB genes in chromosome 2 (chr2), next to the berry colour locus, but it has no expression. 15 It may have arisen from a tandem duplication of MYBA1 or MYBA2, which are true regulators of anthocyanin biosynthesis in the berry. 14, 15 In addition to MYBA4, other predictions from the same chr2 cluster could represent pseudogenes, particularly MYBA8 (VIT_02s0033g00380), which it is expressed (corroborated by RNA-Seq data) but has an incomplete DNAbinding domain (63 residues, Supplementary Dataset 1).
We generated phylogenetic trees of the grape and Arabidopsis R2R3-MYB families using the confirmed or modified full-predicted proteins derived from the RNA-Seq data ( Supplementary Fig. S1 ). Where no data were available to confirm the model, we used the annotated sequence from the Pinot Noir reference genome (CRIBI annotation). Grape proteins with a complete R2R3 domain (excluding MYBA4 and MYBA8) were compared with 126 Arabidopsis proteins to assess cases of one-to-one orthology. As in our previous work, 5 we observed an expansion of subgroups related to phenylpropanoid/flavonoid biosynthesis (e.g. anthocyanin and PA). These subgroups are either activators (Subgroups 5 and 6) or repressors (Subgroup 4, also known as C2 repressor clade) of the pathway. Grape genotypes with expanded MYB genes related to flavonoid synthesis may have been selected during grapevine natural selection and also later throughout domestication. However, this may have resulted from branch-specific selections, since not all flavonoid-related groups are expanded. For example, while Arabidopsis has three members in flavonol-related Subgroup 7, grapevine has only two, which may be because grapes synthesize other molecules related to biotic and abiotic stress in addition to flavonols such as stilbenes, which are not present in Arabidopsis. Based on our comparison of phylogenetic trees and according to the guidelines from the Super-Nomenclature Committee for Grape Gene Annotation, 50 we propose a nomenclature for the grapevine R2R3-MYB family based on sequence similarities with the Arabidopsis genes (retaining the same name in cases of close orthology), but also maintaining the original names for R2R3-MYB TFs that have already been characterized (e.g. MYBA and MYBPA for all anthocyanin and PA-related genes, respectively). Genes with no clear orthology with a single Arabidopsis MYB member were named MYBx, where x is a consecutive number starting from 135 (Supplementary Table S1 ). Genes at the same phylogenetic distance from a single Arabidopsis gene were differentiated by a letter, as in the case of MYB5A and MYB5B. Additional genes identified in future re-annotations or novel genes arising in specific cultivars should be numbered from MYB197 onwards.
We compared the MYB subgroups found in the grapevine to those previously described in Arabidopsis. 45, 51 We also compared the grapevine/Arabidopsis MYB tree with other trees obtained by combining Arabidopsis (individually) with the apple, tomato, poplar and Eucalyptus families (Supplementary Table S2 , Supplementary  Fig. S2 ). We generally observed conserved topologies, except for the glucosinolate clade (Subgroup 12, present in Arabidopsis but absent in the other species analysed), which regulates the biosynthesis of secondary metabolites found exclusively in the Brassicaceae family. 52 We observed some differences in subgroup composition with respect to other plant species (i.e. number of members). Some subgroups were larger in some species than in Arabidopsis, such as Subgroups 5 and 14, while in others they were smaller (e.g. Subgroup 19) . Phylogenetic comparison showed that AtMYB5 homologues cluster in a different clade than AtMYB123 homologues, in contrast to previous works who generally group them in Subgroup 5. 45, 51 We named this independent Subgroup 'MAV' in reference to the roles of AtMYB5, 53 PhPH4 54 and VviMYB5A/5B. 18 We also identified several subgroups that were missing in Arabidopsis and present in other plant species, including the flavonoid-related PA1 and the S2 neighbour (S2N) Subgroups, which correspond to the woody preferential groups WPS-II and WPS-IV/V in Eucalyptus, respectively. 47 The PA1
subgroup is the closest to MAV, and VviMYBPA1 is its only characterized member. 19 Protein motif discovery analyses showed that this group has two conserved motifs (PA1-1 and PA1-2) that are not shared with the MAV Subgroup ( Supplementary Fig. S3 ). The S2N Subgroup shows a close relationship to Subgroup 2 due to high conservation of the DNA-binding domain. Moreover, S2N is divided into two clades, where S2Na presents one of the two phenylalaninetryptophan (FW) conserved motifs found in Subgroup 2 (both form part of a single motif). 51 Despite not having an FW motif, MYB135
lies very close to Subgroup 2 because of greater conservation in the DNA-binding domain.
Tandem duplications specifically contributed to the expansion of many grape R2R3-MYB genes linked to wine quality traits
We successfully mapped a total of 131 grapevine R2R3-MYB genes to the 19 V. vinifera chromosomes; while MYBPAL1, MYB190 and MYB148 are still unallocated (uncharacterized chromosome). The locations of these genes are visualized in the chromosome based on the 12Xv1 assembly (Fig. 1) . We used MCScanX software to further determine the duplication types that might have given rise to the expansion of this large gene family, and found that segmental (36.7%; 50 of 134) and dispersed (36.7%; 50 of 134) duplications appear to be the most prominent contributors (Supplementary Table S1 ). Many segmental and dispersed duplicated MYBs are located in collinear regions on chr1/14/17 (green), chr6/8/13 (orange) and chr5/7 (pink) (Fig. 1) . A recent study showed that syntenic regions of related chromosomes in land plants such as maize, tomato, Arabidopsis and poplar, have large proportions of R2R3-MYB paralogue correspondence (25%, 49%, 48% and 38%, respectively). 6 This reinforces the idea that R2R3-MYB expansion in land plants, including grapevine (37%, reported here), primarily occurs through segmental duplication. In addition, dispersed duplications, defined as paralogues that do not share synteny and/or are not in close proximity in the corresponding chromosome, may also contribute to expansion of gene families in plants. 55 We observed a strong influence of dispersed mechanisms on R2R3-MYB expansion (37%), in concordance with wide-spread repetitive/transposable elements within the grapevine genome (approximately 40% of the total genome). 2 Indeed, many of these elements have been linked to grapevine's genomic variability. 56 Tandem duplication (21.3%; 29 of 134) also contributed to family expansion (Fig. 1) . We observed a dense map of MYB genes in tandem on chromosomes 2, 4 and 11, such as for MYBA (9 out of 14 genes) and MYBPA (5 out of 15 genes). Expansion of R2R3-MYB families related to anthocyanin and PA synthesis have been related to artificial selection (i.e. breeding), possibly because of higher flavonoid concentration in grapes and wines. 5 In addition, our analysis also revealed that tandem duplication might have contributed to the expansion of the C2-repressor clade, albeit on a smaller scale. Expansion of this subgroup might also be linked to selection for wine quality traits, as recent studies show that MYB C2-repressors have a central role in regulating the phenylpropanoid and flavonoid biosynthetic pathways. 18 ,21 C2-repressors may go through transcriptional subspecialization after duplication, as suggested for grapevine 18 and other species such as clover, where a high concentration of flavonoids is also a desirable trait. 57 Finally, we assigned expansion by proximal duplication to 7 of 134 genes (5.14%), although these might also be part of tandem duplications. Gene duplications related to segmental and tandem duplications reported here are consistent with the results of a survey of segmental Figure 1 . Distribution of R2R3-MYB genes in the grapevine chromosomes. Paralogue regions of the grapevine genome were coloured according to Jaillon et al. 2 Genes predicted to arise from dispersed, proximal, tandem or segmental duplications are shown. Details related to potential paralogues generated by tandem duplication or collinear pairs within syntenic regions are summarized in Supplementary Table S1 .
and tandem duplications of R2R3-MYB genes across land plants, 6 with minor differences attributable to the updated/improved annotation of Vitis family. These duplication patterns indicated that rapid expansion of R2R3-MYB genes in grapevine might be strongly linked to adaptation strategies to challenging environments in order to accomplish species-specific functions.
3.3. Intron retention as a conserved mechanism of alternative splicing in the grape R2R3-MYB family
Alternative splicing is a tightly regulated mechanism that contributes to proteome diversity, and can be studied using transcriptomic approaches. In grapevine, the NimbleGen microarray platform does not assay splice variants, and the Affymetrix system detects only some mRNA alternative isoforms (with differences between the 16 k and custom arrays). Deep sequencing can overcome these limitations by providing details of all splice forms. Inspection of the RNA-Seq data used in this study, which comes from a vast collection of tissues, organs and stages of berry development, allowed us to detect more than two mRNA isoforms for $35% of the family, of which a quarter of cases were represented by three or more splice forms (Supplementary Dataset 1). These results are consistent with estimates of overall alternative splicing events in Vitis. 58 The most common type of splicing event we observed (>90%) was intron retention, generating premature termination codons. We observed a relatively similar distribution of retention for introns 1 and 2, although the latter was more common in some subgroups (e.g. Subgroup 4; Supplementary Fig. S4 ). Since the DNA-binding domain of grape R2R3-MYB genes is generally split between Exons E1, E2 and E3 (for class I) or E1 and E2 (for classes II and III), 5 the truncated protein sequences derived from intron-retaining isoforms have partial DNA-binding domains (e.g. MYB-like, with one of the two R repeats) and incomplete or abolished C-terminal regions. We observed few cases of exon skipping, such as MYB147 (VIT_ 17s0000g09080), where its alternative spliced isoform (MYB147.2) lacks half of the R2 repeat but maintains the R3 repeat and its C-terminal region (Supplementary Dataset 1) . Intron retention accounts for a large proportion of alternative splicing events in Arabidopsis, rice and grapevine, and can generate relatively abundant isoforms with premature termination codons. 58, 59 We observed three spliced isoforms of the stilbene-related 
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, AtMYB59 and AtMYB48 undergo alternative splicing and generate MYB-like transcripts whose 5' untranslated regions (UTR) are insufficient to initiate translation. Further studies will determine if truncated isoforms of VviMYB15 can be translated and if those proteins have a regulatory role in stilbene biosynthesis.
Transcription and its regulation are two processes with highenergy demands. Alternative splicing should, therefore, be a precisely regulated event since the production of futile products can be detrimental to plant fitness. This comes in part from the observation that alternative splicing is widespread in plants and plays an important role in regulating gene expression (reviewed by Staiger and Brown 61 ). VviMYB24 (VIT_14s0066g01090) is an interesting case as its long intron 2 (2.9 kb) is retained in one of the two mRNA isoforms. This gene has a tissue-specific expression in reproductive organs, 5 and is highly induced by UV-B in ripening berries. 62 Thus, alternative splicing of its intron 2 may be important for its regulation. 65 Among the additional experiments considered, we included transcriptional studies of berry circadian oscillation and day/night transcriptional program, berry response to Botrytis cinerea infection, heat, UV-B and drought/water-deficit stress (Supplementary Tables S3 and S4 , Supplementary Fig. S5 ). To assess MYB co-expression, we chose the top 100 HRR-ranked co-expressed genes for 132 grape R2R3-MYBs (excluding MYBA4 and MYBA8; Supplementary Table S5 ). This threshold provided a reasonable limit for further functional studies and a manageable list of co-expressed genes while providing statistical power for inferring coexpression relationships. 23, 68 Initial inspection of the exclusive MYB-MYB GCNs showed a strong correlation between 102 annotated MYB gene pairs. Seventynine genes and 127 edges formed a central cluster while a second cluster contained 11 MYB genes connected by 35 edges (Fig. 2 ; Supplementary Table S5 ). The fact that a large proportion of MYB genes are reciprocally correlated suggests different types of relations: (i) role redundancy, (ii) partnership in the regulatory mechanisms and (iii) shared response or signalling pathways, in which an MYB may mediate neighbouring MYB-expression (i.e. acting as orchestrator). Within the central cluster, two hub-like regions were prevalent (top 5% of highest degree nodes; node degree > 6). Genes such as MYB152 (VIT_18s0001g08470) and MYB166 (VIT_ 04s0044g01380) showed a high degree of relationship in hub 1, while MYBPAR (VIT_11s0016g01300) and MYBC2-L4 (VIT_ 17s0000g02650) represent high-degree of relationship in hub 2.
Expression modules
MYBA genes predominate in a smaller second cluster in addition to MYB13 (VIT_05s0049g01010) and MYB15 (VIT_05s0049g01020) from Subgroup 2, and MYB108B (VIT_07s0005g01950) from Subgroup 20. Surprisingly, five MYBA genes (MYBA5, MYBA6, MYBA7, MYBAL1 and MYBAL2) from the expanded anthocyanin subclade (Subgroup 6, Supplementary Fig. S1 ) were not connected to the main MYBA cluster within the MYB-MYB GCN. This is due to clear divergence among these genes in expression patterns across various tissues/organs and stress conditions (Supplementary Table S4) , which may indicate sub-and/or neo-functionalization after duplication, as commonly observed in regulatory genes from Arabidopsis. 69 Despite this diversification in expression, the group of MYBA5, MYBA6 and MYBA7 genes located in chr14, is indeed related to the regulation of anthocyanin synthesis (Matus et al., unpublished results).
To determine the biological processes that each R2R3-MYB gene might be involved in, we performed over-representation analysis of the MapMan BIN terms 70 for the top 100 co-expressed genes of all MYB GCNs ( Fig. 3A and B ; Supplementary Table S6 ). This analysis revealed that RNA regulation (BIN27) was the most commonly enriched term (Adj. P value < 0.05, for 57 out of the 130 MYB networks), suggesting that R2R3-MYBs may orchestrate plant responses by regulating or interacting with proteins related to transcription, RNA stability, etc. Terms related to metabolism, especially secondary metabolism (BIN16), hormone metabolism (BIN17) and stress (BIN20) were also commonly presented in the top 100 coexpressed genes. Processes related to the cell wall (BIN10), lipid (BIN11) and photosynthesis (BIN1) were also represented, albeit to a lesser extent ( Fig. 3A and B Table S6 ). Among secondary metabolic pathways, the most enriched terms were related to phenylpropanoid derivatives and terpenes ( Supplementary Fig. S6 ). We conducted GO enrichment analysis using the R 'gProfileR' package and found similar results to the MapMan analysis (Supplementary Fig. S7 ; Supplementary Table S7) . Together, these results highlight that R2R3-MYB TFs primarily participate in secondary metabolic processes and in transcriptome modulation. Analysis of terms related to secondary metabolism showed that many co-expressed MYB genes were associated with the flavonoid pathway (Supplementary Tables S6 and S7 ). Grapevine MYBA1-A2 regulate anthocyanin accumulation by modulating UDP-GLUCOSE:FLAVONOID 3-O-GLUCOSYLTRANSFERASE (UFGT) expression. 13 We were able to associate eight MYBA genes (MYBA1, MYBA2, MYBA3, MYBA7, MYBA9, MYBA10, MYBA11 and MYBA12) and four additional MYB TFs (MYB108B, MYB15, MYBPA10 and MYB142) with anthocyanin-related genes. For example, MYBA1-2 were co-expressed with UFGT (VIT_16s0039g02230) while MYB108B was co-expressed with ANTHOCYANIN 
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S-TRANSFERASE 4 (GST4, VIT_ 04s0079g00690), the gene involved in anthocyanin transport into vacuoles. 71 In addition, MYB15 was associated with anthocyanin pathway through co-expression with several MYBA genes. As MYB15 has only been related to the stilbene pathway, 18 this observation suggests that MYB15 and MYBA genes are induced by similar conditions (e.g. stress) and not necessarily involved in regulating the same branch of the pathway. On the other hand, MYB30A, which was not coexpressed with a large set of anthocyanin-related genes, is coexpressed with ANTHOCYANIN O-METHYLTRANSFERASE 1 and 2 (AOMT1-2, VIT_01s0010g03510 and VIT_01s0010g03490), the genes responsible for anthocyanin methylation. 72 The robustness of the networks generated was also evident from inspecting regulators of the PA pathway. MYBPA1, a positive regulator of PA biosynthesis in grapevine, 19 was co-expressed with structural genes of the flavonoid pathway, including a FLAVONOID 3',5'-HYDROXYLASE (VIT_08s0007g05160), a LEUCOANTHOCYANIDIN REDUCTASE (VIT_01s00 11g02960) and a ANTHOCYANIDIN REDUCTASE (ANR, VIT_00s0361g00040), which corroborates the activation of PA- flavonoid pathway gene promoters seen by Bogs et al. 19 The role of MYBPAR 73 was corroborated by its co-expression with ANR, a coexpressed target shared also with MYBPA1. In the case of MYBPA2 74 co-expression list, we found a grape homologue of the Petunia AN11 gene (VIT_08s0007g02920). This gene was recently proposed as candidate for the regulation of flavonoid synthesis in the grape berry skin. 63 We also tested additional biochemical pathways of biotechnological interest for association with R2R3-MYB proteins. For example, six MYB GCNs (those of MYB26, MYB103, MYB185, MYB186, MYB190 and MYB191) were enriched with terms related to lignification/secondary cell wall formation ( Supplementary Fig. S8 , Supplementary Tables S6 and S7 ). These six MYB GCNs have two genes in common, a cellulose biogenesis-related gene (COBRA, VIT_17s0000g05060) and an NAC secondary wall thickeningpromoting factor (NST1, VIT_02s0025g02710). Arabidopsis homologues of these genes have been shown to be part of a large suite of secondary cell wall regulators (e.g. MYBs) and master switches (e.g. NST1). 75, 76 This supports the robustness of our GCN and points to the existence of a comparable transcriptional network in grapevine. Terms related to wax metabolism were significantly enriched in six MYB GCNs, suggesting that R2R3-MYB TFs are also involved in this pathway (e.g. by regulating plant cuticle-structural genes). This may be relevant for grapevine MIXTA-like MYBs, VviMYB140 and VviMYB17A, as MIXTA-like TFs regulate both epidermal cell morphology and the biosynthesis of waxes, very long-chain fatty acids and cutins in Arabidopsis and crown violets. 77 Interestingly, MYBA5 and MYBAL2 GCNs were enriched with terms related to wax metabolism and anthocyanin metabolism, which supports sub-/neo-functionalization, as described earlier (Supplementary Tables S6 and S7) . Inspection of TF families in MYB-GCNs showed that, in addition to members of the same R2R3-MYB family, there was a strong representation of the basic helix-loop-helix (bHLH, 126 occurrences) and APETALA2/ethylene-responsive binding protein (AP2/EREBP, 95 occurrences) families (Fig. 3C ). Protein-protein interaction and cross-regulation is common between MYB and bHLH TFs. For instance, MYB-bHLH protein complexes are essential for regulating epidermal cell fate, including flavonoid synthesis, 78 trichome development 79 and also in flower and seed development. 80 In grapevine, several studies using LUCIFERASE reporters have demonstrated that the activation of flavonoid structural genes only occurs when MYB and bHLH TFs are co-transformed. 15, 17, 19 In addition to the well-known MYB-bHLH interactions, a recent study provided evidence of a new transcriptional complex of AP2/EREBP-R2R3-MYB proteins involved in regulating lignification. 81 These examples support the frequent co-expression of R2R3-MYBs with other TF families such as bHLH and AP2/EREBP.
3.5. Analysis of cis-regulatory elements in promoter regions of R2R3-MYB co-expressed genes supports coordinated regulation with other transcription factors, defines DNA-binding specificity and prioritizes co-expressed target genes
In an attempt to resolve how the presence of CRE affect the transcriptional control of biological processes, several studies have coupled enrichment of regulatory motifs in promoters of co-expressed genes with enrichment of gene function. 25, 26 We scanned the promoters of MYB co-expressed genes using a comprehensive and upto-date plant CRE list (See Materials and methods). Our results provide some clues to explain the observed co-regulation of different TF families within the MYB GCNs ( Fig. 3D; Supplementary Fig. S9 ; Supplementary Table S8 ). The observed enrichment (at P value < 0. 01) of several CREs such as bHLH (MYC2-, 3-and 4-), homeobox (WUS), zinc finger (C2H2) and AP2/EREBP binding sites generally coincided with the prevalence of associated TF co-regulation within each MYB GCN (Fig. 3C ). This indicates that TFs from other families may coordinate biological responses via a synchronic and cooperative mechanism together with MYB proteins, as previously shown for some characterized MYB TFs. 78, 80, 81 To dissect the organization of CRE motifs in the promoter regions of co-expressed genes, we considered three main MYB binding types (type I-CNGTTR-, II-TNGTTR-and IIG/AC-elements-CCWAMC-), 43, 44 as well as several other reported variants 45 (Fig.   4 ). Some motifs were more prevalent in the promoters of coexpressed genes, such as CAGTTR (x~: 52) for type I, TTGTTR (x~: 84) for type II, CCAACC (x~: 38) for type IIG/AC-elements, and AGGTTA (x~: 47) for MYB variants ( Fig. 4A ; Supplementary Tables  S9 and S10 ). In addition, we observed that the number of MYB GCNs enriched with these motifs was generally between 7 and 20, with a P value < 0.01 (Fig. 4B) . Deviations in the number of MYB enriched GCNs with each CRE (P < 0.01) were prominent for types 'I' (17 for CAGTTR versus 4 for CTGTTR) or 'IIG/AC-element' (19 for CCAACC versus 6 for CCTACC), which may reflect the general preference for binding specificity within each class. Considering these binding motifs as a complete set, 72 MYB GCNs were enriched (P < 0.01) with at least one main MYB consensus group, with type IIG/AC-elements generally being the most over-represented (39 MYB enriched GCNs), followed by type I and type II (32 and 23 GCNs, respectively). As for MYB variants such as AGGTTA, this motif was also enriched in 15 MYB GCNs (P < 0.01). In several cases, more than one consensus was enriched (e.g. MBSI/MBSIIG or MBSI/II) ( Supplementary Fig. S10 , Supplementary Table S11 ). This in silico analysis suggests that grapevine MYB TFs may bind to more than one MYB consensus CRE (up to all three and their variants) in the promoters of co-expressed genes. This has been demonstrated experimentally for many Arabidopsis R2R3-MYB proteins, which can bind a variety of MYB sites, 45 consistent with our observations. Enrichment score plots show that some MYB GCNs are highly enriched (P < 0.001) with various MYB-binding CREs (Fig. 4C) , suggesting a strong relationship between binding elements and certain biological roles. For example, the GCN surrounding grapevine homologues of AtMYB46 and AtMYB83 (e.g. VviMYB185; VIT_06s0004g02110) were highly enriched with the CCAACC element (P < 1.50E-09) present in 64 co-expressed genes, many of which are involved in secondary cell wall biosynthesis (Supplementary Tables S5 and S8 ). Interestingly, the MYB GCN with the highest enrichment of the TGGTTR element (7.99E-04) was VviMYB185. Many of the TGGTTR-containing promoters also correspond to secondary cell wall-related genes. The prevalence of these two elements may provide dual regulation for the majority of the GCN. This result is consistent with the function of AtMYB46 and AtMYB83 (which directly bind type IIG/AC-elements) and in regulating an extensive suite of downstream target genes involved in secondary cell wall metabolism. 76 As for type I motifs such as CAGTTR, we observed a strong enrichment (P < 4.62E-05, 64 CAGTTR-containing co-expressed gene promoters) in the VviMYB30A GCN (64; Supplementary Table S8 ). Many CAGTTRcontaining co-expressed gene promoters were highly enriched in lipid, sugar-derivative metabolism and disease-related signalling genes presumably involved in the hypersensitive cell death response. This is consistent with the role of MYB30 in Arabidopsis and its ability to bind the promoters of lipid-related genes. 82 These observations suggest preferential binding of type I motifs (i.e. CAGTTR) by grapevine MYB30A and support its role in stress (i.e. osmotic) regulation in grapevine, as shown previously. 12 In this sense, VviMYB30A may respond to salt stress by regulating many of the genes identified in our co-expression analysis. The cases described above are some examples of how analysis of promoter binding sites supports the functional implications of R2R3-MYB factors (e.g. secondary metabolism, stress). Our analysis also highlights that many of the co-expressed genes might actually be targets of MYB TFs within each GCN, and proposes binding preferences for each grape R2R3-MYB.
3.6. Co-expression and cis-regulatory sub-network analysis of Subgroup 2 reveals a new putative regulator of stilbene biosynthesis By incorporating multiple levels of co-expressed genes, functional evidence and promoter information, we can robustly infer the complex regulation exerted by known and novel grapevine R2R3-MYBs. This is the case with Subgroup S2 members VviMYB14 and VviMYB15. While S2 members in Arabidopsis have being linked to the control of inflorescence architecture, cold stress tolerance and the shikimate pathway, 83, 84 their orthologues in the Vitaceae family form part of the stilbene-regulating clade. Stilbenes, which are absent in Arabidopsis, are specifically produced in grape organs during development (e.g. in roots, 20, 21 and in berries, 20, 62 and in response to abiotic and biotic stresses [85] [86] [87] ). These phytoalexins have a defensive role and are produced by stilbene synthases (STS), the key structural enzymes that compete with chalcone synthases for a p-coumaroyl phenylpropanoid intermediate in the production of cis-/trans-resveratrol. As recently demonstrated, the grapevine MYB14 and MYB15 TFs are involved in transcriptional regulation of STILBENE SYNTHASES STS41 and STS29. 20 To understand large-scale transcriptional control of stilbenerelated MYBs, we combined the GCN of MYB14 (VIT_07s0005g03340) and MYB15 (VIT_05s0049g01020) with that of MYB13 (VIT_05s0049g01010), the uncharacterized closest 
homologue of MYB15 (Fig. 5A) . We observed that a core set of seven STS transcripts were co-expressed with all three MYBs while 21 STS genes were shared between MYB13 and MYB14 (Supplementary Table S5 ). Three STSs were co-expressed with MYB15 and MYB14 (including STS41) while 10 were exclusively co-expressed with MYB14. Eleven (out of 12) PHENYLALANINE AMMONIA-LYASE (PAL) genes, constituting the first step of the phenylpropanoid pathway, were present in the MYB14 GCN (BIN 16.2.1, P < 3. 87E-24) while only one PAL gene was shared between MYB14 and MYB13. Moreover, transcripts involved in transcriptional regulation, such as a WRKY factors (VIT_01s0010g03930) and seven serine/threonine protein kinases that are likely involved in signalling The network depicts the connections between MYB13/14/15 (circles), the associated function of the co-expressed genes, collapsed into respective sub-BINs (triangles), connected by edges and the highly enriched (P value < 0.001) CRE within the promoter regions of co-expression genes (squares). Gene-CRE edges indicate the relative number of co-expressed genes containing the various enriched CRE sites within their promoter regions (thick, medium and thin edges indicate > 10, between 5 and 10, and < 4 co-expressed genes, respectively), while dashed lines indicate the various CRE-binding sites enriched within each MYB network. BIN20.1, biotic stress; BIN20.2, abiotic stress; BIN30.2, signalling by receptor kinases; BIN27.3, TF regulation; BIN16.8, flavonoid metabolism (STSs, etc.); BIN16.2, phenylpropanoid (PALs, etc.) metabolism.
(e.g. VIT_10s0071g00440), were co-expressed with MYB13 and MYB15. Genes from the MYB15 GCN encode for many pathogenesis-related (4 thaumatin, 2 osmotin), nitrilase (11 transcripts, BIN26.8, P < 2.75E-11), and receptor kinase (15 transcripts, BIN30.2, P < 9.96E-05) transcripts. Inducible defence-related proteins such as thaumatin, osmotin and nitrilases are commonly elicited during pathogen infection and in situations of osmotic stress, cold, wounding and development. 88 These results suggest that S2 members are involved in defence responses not only by regulating STS transcripts but also by regulating other stress-related transcripts. We used a comprehensive compendium of CRE (based in proteinbinding microarrays, see Materials and methods) to analyse the promoter regions of STS transcripts that were co-expressed with Subgroup 2 members. This analysis showed that these STS promoters were highly over-represented (P < 0.001) with CRE-regulated by the R2R3-MYBs (i.e. GGTWGTTR, ACCWWCC), WRKY (i.e. TTTGACY) and AP2/ERF (i.e. RYCGAC, GCCGGC) TFs (Fig. 5B,  Supplementary Table S8 ). CREs within co-expression modules (in combination with many other CREs) provide adequate fine control of genes during stress and development. 25, 26 3.7. A sub-specialized expression of MYB13 correlates with the accumulation of stilbenes under non-stressed conditions
To understand the possible role of MYB13 in regulating stilbene biosynthesis, we investigated its expression under different conditions, including vegetative organs, two berry developmental series and biotic/abiotic stress treatments (Fig. 6 ). Due to the high homology (80%) of the coding sequence of MYB15 and MYB13, we designed gene-specific primers in the 3'UTR of both genes. We also measured stilbene levels to see if these were correlated with MYB13 expression. MYB13 was expressed in non-stressed leaves (young and old), roots and stems of Chardonnay and Shiraz cultivars, consistent with the piceid accumulation found in these organs (Fig. 6A) . The high stilbene content in the roots was comparable with strong expression of MYB13, MYB14, MYB15 and several STSs (STS25/27/29 and STS41/45). However, where there was almost no expression of MYB14 and MYB15, we found high expression of MYB13, correlated with the detection of piceids, particularly in leaves and stems. These results suggest a role of MYB13 in regulating stilbene biosynthesis in these organs under non-stressed conditions. They also suggest that the expression of STS genes other than STS25/27/29 and STS41/48 might be regulated in these organs by MYB13. Analysis of MYB13 transcript levels during development in the black-skinned 'Pinot Noir' berry and the white-skinned 'Riesling' berry showed that MYB13 expression peaks around veraison. Expression of MYB14 is only concomitant with MYB13 in 'Pinot Noir', as in 'Riesling' both MYB14 and MYB15 peak at later ripening stages. This observation suggests that MYB13 may have a critical role in regulating stilbenes at the onset of ripening in berries (preceding the expression of its paralogues in some cultivars). These profiles are consistent with previous data from 'Pinot Noir', 20 where MYB14, MYB15 and STS (STS25/27/29 and STS41/48) expression were correlated with the accumulation of glycosylated resveratrol (trans-piceid) during the late stages of berry ripening. Furthermore, stilbene accumulation has also been found to increase during early stages, when MYB14 and MYB15 transcripts are not detected. This suggests that another regulator affects stilbene biosynthesis, possibly MYB13. The concentration of stilbenes produced in ripening berries is only 1-5% of those in berries or leaves subject to biotic and abiotic stresses. [85] [86] [87] Thus, we further tested the expression of MYB13 in response to conditions that significantly increase STS expression, namely wounding, UV-C radiation and downy mildew infection, 4 and observed several differences between expression of the three genes. In general, MYB13 showed much lower transcript accumulation under stress conditions than MYB14 and MYB15. However, on examining fold induction between treated/untreated conditions, MYB13 appears to have a particular stress-response with different expression kinetics. Upon wounding, MYB13 expression peaked 96 hours post-treatment (hpt), in contrast to that of MYB14 and MYB15, which had a subtler peak at 1 hpt. The behaviour of MYB13 following UV-C treatment was more similar to that observed for MYB14 and MYB15, but with lower intensity. Finally, downy mildew infection produced the most striking response, with the MYB13 transcript beginning to accumulate at very early stages (48 hpt) and reaching much higher fold induction levels than MYB14 and MYB15.
Compared to MYB14 and MYB15, MYB13 appears to be prominently expressed in roots and leaves, where stilbenes are accumulated. During fruit development MYB13 seem to precede the expression of its paralogues, although this appears to be cultivarspecific. By including the stress-responsive experiments, we suggest an MYB13 expression sub-specialization related to an STS basal expression in vegetative tissues but also to a specific induction to biotic stress. The Gene Network Analysis conducted here for the three Subgroup 2 MYBs will help to direct subsequent characterization approaches in planta to demonstrate MYB13's ability to induce stilbene accumulation through the activation of STS genes.
Concluding remarks
Gene regulatory networks, controlled in part by TFs, have essential roles in all processes of life, from metabolism to cell cycle control, differentiation and response to the environment. A clearer understanding of the roles of TFs may allow us to predict and alter the behaviour of gene networks in important processes such as disease resistance, or to use them for crop trait improvement programs.
Following the sequencing of the V. vinifera genome, progress in transcriptomic data acquisition has facilitated the collection of largescale data with enormous potential for gene discovery. In this context, our study aimed to find the biological processes regulated by grapevine R2R3-MYB TFs by combining gene expression data, phylogenetic information, DNA-binding motif discovery and experimental evidence. Our results suggest that these regulators are involved in a plethora of processes, possibly in coordination with other specific TFs. We observed an over-representation of genes co-expressed with MYBs that were related to transcriptional regulation, cell wall biogenesis and secondary metabolism, the latter playing a significant role in fruit quality, health-promotion and plant disease prevention. Our study also provides evidence on the evolution of this family through tandem duplications, probably retained throughout domestication, that have contributed significantly to the expansion of genes linked to these quality traits. One of the main outcomes of this study is the large collection of candidate genes and biological processes to be tested in future gene characterizations. Validation of these candidates will require studying transcriptional control exerted by R2R3-MYBs using a combination of chromatin immunoprecipitation techniques and expression profiling experiments (e.g. by ChIPSeq). Further DNA-binding experiments will benefit from this study as discovery of over-represented motifs in the genomic regions of coexpressed genes may direct protein-DNA interactions assays (e.g. by electrophoretic mobility shift assays). Figure 6 . qPCR expression profiles of MYB14, MYB15 and MYB13 in (A) grapevine vegetative organs, (B) berry developmental stages and (C) in response to abiotic and biotic stress. (A) Normalized expression in 'Shiraz' and 'Chardonnay' cultivars, as mean values of three replicates. Accumulation of trans-piceid in the same sampled organs was measured as methanol extracts using reverse-phase HPLC analysis. Columns represent trans-piceid in nmol/g*FW with error bars indicating SEM from three biological replicates and two independent experiments. Data points in (B) are given as weeks during berry ripening (veraison; labelled with an arrow) starting at week seven.
